Helium, a minor component of natural gas and radioactive minerals, is most commonly used as a carrier in gas chromatography-mass spectrometry (GC-MS). Its scarcity leads to limited availability and higher costs. In this experiment, hydrogen from a safe source of a hydrogen generator was tested as a substitutive carrier gas for the detection of adulterant in traditional Chinese medicine (TCM) and food supplements by GC-MS analysis. We found that the limits of detection (LODs) of using hydrogen were from 10 to 1000 μg/g. The levels of LODs tested among 170 drugs remain the same whether hydrogen or helium was used as a carrier gas with the exception of 7 drugs-benzbromarone, estradiol benzoate, bezafibrate, mefenamic acid, oxymetholone, piperidenafil and cetilistat. The real sample analysis results using hydrogen were as satisfactory as those using helium. In addition, the retention time was shortened after the chromatographic performance was optimized. In summary, it is worth considering hydrogen as a carrier gas due to its affordable costs, energy efficiency, carbon reduction and chromatographic advantages to detect adulterated drugs in TCM and dietary supplement using GC-MS.
Introduction
Currently, TCM and dietary supplements are becoming progressively popular in many countries [1] . The worldwide consumption of TCM and dietary supplements has accumulatively increased. Evidence showed that approximately 80% of the world's population takes herbal medicines. In general, TCM is generally regarded as possessing few side effects, and users are therefore prone to taking it in excess of the recommended dose for an extended period of time. On the other hand, consumers tend to trust natural products, believing that they are safe and free of side effects. This false belief that TCM and food supplements are all natural with no side effects and that they are not harmful to human health has led to the exponential growth of TCM and food supplement remedies in markets worldwide [2] [3] [4] .
To enhance their efficacy, TCM and food supplements were often illegally adulterated with western medicine. The quantities of adulterants in TCM and food supplements at times even exceeded the normal dosage range, and in many cases, they were not the ones required or between January 2015 and August 2016. The samples included 83 TCM samples and 40 food supplement samples (Please see S1 Table for sample details including sample name, description of appearance, purchase location and source origin).
Chemicals and solutions
One hundred seventy pharmaceutical standards (purity !95%) were purchased from USP, TLC, Sigma-Aldrich, Cerilliant, European Pharmacopoeia, TCI, AK Scientific, AApin and Fluka (Please see S2 Table for standard details including compound name, molecular Weight, purity, brand, lot number, storage and source origin). Individual stock solutions (1,000 mg/L) were prepared by the dissolution of 10 mg of each compound in 10 mL of methanol, which were stored at -18˚C. The mixed standard solutions at concentrations of 100 mg/L of each standard were prepared by the additive mixing 1 mL of each stock solution, and diluting it to 10 mL with methanol, respectively. HPLC grade methanol and ethanol were obtained from Merck (Darmstadt, Germany).
Sample preparation
Five grams of sample were dissolved in 15-20 mL of ethanol and homogenized in an ultrasonic shaker for 30 minutes, followed by centrifugation at 3000 g for 5 minutes. The supernatant was filtered through a 0.22-μm PTFE syringe filter prior to being injected into GC-MS.
GC-MS analysis
The analysis was performed on an Agilent 7890B GC system coupled to a 5977A MSD mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) and equipped with a Gerstel Multipurpose sampler (Gerstel, Mülheim an der Ruhr, Germany). For the experiments using helium and hydrogen as a buffer gas, a Peak Precision Hydrogen Trace 500cc generator (Peak Scientific Instruments, Inchinnan, Scotland, UK) was used to generate the hydrogen gas. A silica capillary column, Agilent HP-5MS (30 m x 0.25 mm i.d. 0.25 μm film thickness), was used. The operation conditions were described in Table 1 . The compounds' spectra that were obtained were compared to the spectra of known compounds using the NIST Mass Spectral Search Program for the NIST/EPA/NIH Mass Spectral Library.
The limit of detection (LOD)
The experiment uses helium as a carrier gas to determine the monitored ion and retention time at 10 μg/mL. If the signal is too low to be detected, we increase the concentration of the drug standard gradually to 100, 500 and 1000 μg/mL until it can be obtained. The same experiment was performed for the comparison using hydrogen as the carrier gas for GC-MS.
Five grams of blank sample powder (Xiao Chai Hu Tong Extract Powder, Sheng Chang, Taipei, Taiwan) was spiked with the abovementioned concentration of drug standard (see 2.5.1) and dissolved in 15-20 mL of ethanol. A sample tube was homogenized in the ultrasonic shaker for 30 minutes and was followed by centrifugation at 3000 g for 5 minutes. The supernatant was filtered through a 0.22-μm PTFE syringe filter prior to being injected into the GC-MS. For the calculation of the method's LODs, the fortification of three blank samples was performed in a specific concentration of drug standard. The concentration of the standard solution of which the ratio of peak height to noise was over 3 was defined as the LOD.
Proficiency testing TFDA
We have conducted the Proficiency testing using the TFDA standards for the detection of drug-adulterants in traditional Chinese medicine in 2014 and 2015 through the use of hydrogen as a carrier gas by GC-MS. Proficiency testing is another effective tool that can be used to ensure the accuracy and precision of the results when using hydrogen as a carrier gas for the detection of adulterated drugs in Chinese herbal medicine and dietary supplements by GC-MS.
Results

GC-MS analysis
Each drug standard was analyzed with GC using a split-less injection to provide the MS identification of each compound and establish their retention time, LOD and identification ion in both helium and hydrogen as carriers in gas. All the results were obtained using the conditions described in Table 1 . According to these results shown in Table 2 , the use of hydrogen shortened the analysis time and saved resources. The optimum linear velocity for hydrogen is approximately 40 cm/s, which is about half of that of helium, which leads to a decrease in the analysis time by a factor of four, therefore making it possible to reduce the costs of analysis (less degradation of the capillary columns means a cheaper carrier gas). It is clear that the change from helium to hydrogen as the carrier reduced the run-times in drug analytes. Therefore, according to these results, the use of hydrogen allows for the acceleration of the analysis. The previous study revealed that it should be possible to reduce the length of the capillary column in order to save time and money without a loss of resolution in comparison to a longer column with helium as the carrier [26] . Fig 1 presents the chromatograms of the chlorzoxazone obtained when hydrogen (A) and helium (B) were used as the carrier gas at the retention times of 16.681 and 17.724 min. It can be observed that the use of hydrogen allowed for a reduction in the run-time analysis of 1.043 min and led to a slight peak tailing. However, the same mass spectrum of chlorzoxazone was found by GC-MS when hydrogen (A) and helium (B) were used as the carrier gas in Fig 2 . Using hydrogen as carrier gas to detect adulterated drugs analysis was observed with the use of hydrogen. Similar mass spectra of hydrogen (A) and helium (B) as the carrier in gas are shown in Fig 4. 
LOD
In considering the limit of detection (LOD), a signal-to-noise ratio of 3 was defined. The LODs of amitriptyline and 45 other analytes were 10 μg/g, and those of 104 analytes containing acetaminophen were 100 μg/g. The LOD of allopurinol was 500 μg/g, and those of the other 19 drugs-including aminotadalafil-were 1,000 μg/g. Moreover, the monitored ion library of the total analytes was developed for adulterant identification and monitoring. The 170 drugs obtain almost the same level of LODs with the use of hydrogen and helium as a carrier gas as detected by GC-MS for TCM and food supplements. Except for benzbromarone, estradiol benzoate, bezafibrate, mefenamic acid, oxymetholone, piperidenafil and cetilistat, the LODs of those analytes using hydrogen (100, 100, 1000, 1000, 1000, 1000 and 1000 μg/g, respectively) were decoupled as much as those of the previous analytes using helium (10, 10, 100, 100, 100, 100 and 100 μg/g, respectively).
Proficiency testing TFDA
Proficiency testing is another effective tool that can be used to ensure the results using hydrogen as a carrier gas for the detection of adulterated drugs in TCM and dietary supplements by GC-MS. Using the abovementioned detection method performed in testing for Chinese herbal medicine adulteration held by the TFDA revealed satisfactory results in 2015 and 2016. The analytical results were obtained using qualitative analysis. This result also provided the opportunity for the present method to verify the performance in testing for Chinese herbal medicine adulteration. Using hydrogen as carrier gas to detect adulterated drugs
Analytical results of drugs in TCM and supplement foods on the market
In the present study, forty food supplement samples and eighty-three TCM samples were inspected and detected simultaneously with helium and hydrogen as a carrier gas by GC-MS between 2015 and 2016. Out of all 123 samples, 115 were found to be untainted, and the remaining 8 were TCM samples that were found to contain illegal, adulterated drugs (see in https://doi.org/10.1371/journal.pone.0205371.g002 Table 3 ). The detected drug adulterants of 123 TCM and food supplement samples are shown in Table 4 . The types, forms and numbers of adulterated drugs in 8 TCM samples were 3 capsules, 3 powders, 1 paste and 1 medicated patch/plaster. The three capsule samples were detected with the kidney-supplement category of sildenafil or tadalafil. The three powder samples were all Using hydrogen as carrier gas to detect adulterated drugs Using hydrogen as carrier gas to detect adulterated drugs detected with the antirheumatic-analgesics category of acetaminophen, ibuprofen and chlorzoxazone. One paste and one medicated patch/plaster sample were detected with the antidote category of sulfamethoxazole. The analytical results were consistent with the use of hydrogen and helium as a carrier gas by GC-MS in the current study. In brief, the above evidence demonstrated the availability of the method with the use of hydrogen as a carrier gas for the detection of adulterated drugs in traditional Chinese medicine and dietary supplements using GC-MS for real sample analysis. The previous study also demonstrated the feasibility of using hydrogen as an alternative carrier gas, which has been in use for the routine analysis for government regulations for most estrogens, androgens and gestagens of the Belgium national plan [27] .
Discussion
Hydrogen is a highly effective carrier gas because it increases the speed of the analysis and the resolution in GC [28] . Hydrogen offers the chromatographer a number of benefits, including increased speed, lower temperature separations, longer column life, fewer environmental concerns and greater availability [29] . However, some safety concerns are associated with the use of hydrogen cylinders, such as the following: cylinder handling and storage, the flammable nature of hydrogen and the variation in quality of the gas selection of the appropriate gas delivery equipment to ensure the system's purity. In addition, hydrogen is flammable over a wide concentration range in air from 4% to 74.2% by volume, it has the highest burning velocity of any gas, and it can self-ignite due to very low ignition energy when expanding rapidly from high pressure [27] . As an alternative to cylinders, hydrogen generators provide a continuous source of high purity hydrogen and can eliminate many safety concerns over using hydrogen cylinders. Because hydrogen can be generated on demand, the volume of stored gas in a hydrogen generator is very small. Moreover, it has built-in safety features. In the case of a leak, the flow of hydrogen will be automatically shut down to ensure that it never reaches to the lower explosive limit. In addition to safety concerns, reactions in the ion source, the loss of functionality of the pumping system, and high background noise are also disadvantages of using hydrogen as a carrier gas [30] . Hydrogen is a reactive gas, and it might react with analytes under certain conditions. The major adverse effect of hydrogen is on the GC injector liner activation, which can catalytically degrade samples such as certain simple pesticides [31] . Chromatographers should avoid the use of chlorinated solvents with the hydrogen carrier gas because of the risk of hydrochloric acid (HCl) formation, which can affect the performance of the chromatographic system. All situations should be carefully evaluated when changing to hydrogen as a carrier gas. Furthermore, the ability to switch from He to H 2 as a carrier gas will save money and time.
Although hydrogen seems to be an ideal gas for GC/MS and it offers important advantages over helium in terms of efficiency, resolution and the speed of analysis, some disadvantages Using hydrogen as carrier gas to detect adulterated drugs should be mentioned. The study suggested that hydrogen as a carrier gas had excellent performance that was comparable to using helium for the nonpolar, nonreactive compounds. Thus, the most polar, reactive compounds displayed significantly lower responses with the hydrogen carrier gas. Furthermore, evidence demonstrated that nitrobenzene, which is one of the most reactive compounds, was reduced to aniline when using hydrogen as a carrier [32] . Hydrogen is a reactive compound that might hydrogenate unsaturated and aromatic compounds under certain conditions. Hydrogen reduces metal oxides at the ion source and exposes bare and highly active metal surfaces at the EI (and CI) ion source. Thus, many compounds are degraded at the ion source, lose their molecular ions and are harder to identify by the library [31] . Previous experiments showed that the baseline of the total ion chromatograms is elevated in hydrogen relative to that in helium. The obtained signal-to-noise ratio is poorer with hydrogen compared with helium via both a lower signal and higher noise. The S/N values are approximately 3-5-fold lower when hydrogen is used as a carrier gas compared to the results using helium. Decreased response factors for some analytes may result from chemical interactions with hydrogen in the MS ion source or other causes [32] . The lower signal-to-noise ratio of hydrogen might lead to the lower LOD in a certain compound. Among the 170 analytes studied, 7 drugs using hydrogen as the carrier gas provided an LOD ten times poorer than those using helium as the carrier gas. The same LOD was found for all other 163 drugs. The 7 drugs were benzbromarone, estradiol benzoate, bezafibrate, mefenamic acid, oxymetholone, piperidenafil and cetilistat. [33] . The structure suggested the potential reactivity of the 7 analytes with the hydrogen carrier gas. Therefore, recent work has reported on the unstable signal and reduced accuracies of the pesticides when hydrogen was used as carrier gas, and moreover some compounds were undetectable rather than those when helium was used as a carrier gas [34] . The research indicated that fragmentation patterns are similar whether helium or hydrogen is used as the carrier gas except nitrobenzene. Nitrobenzene can be reduced in the presence of hydrogen, thus resulting in the different fragmentation patterns and peak tailings [35] . Moreover, in general, more abundant fragmentation is observed, and higher relative abundances of the diagnostic ions for the identification of the components using hydrogen as a carrier gas. In the case of Py-GC, using H 2 as a carrier gas may cause unwanted protonation or hydrogenation reactions, which may lead to difficulties in the library search when using existing MS libraries [36] . One must carefully consider the chemistry of specific analytes when changing to hydrogen as a carrier gas. The potential reactivity of analytes with the hydrogen carrier gas should be evaluated in the early stages of the method's development. In this study, an economical analytical method for the determination of adulterated drugs in traditional Chinese medicine and dietary supplements with GC-MS using hydrogen as a carrier gas was developed. In general, helium is considered to be the most widely used carrier gas for GC-MS analysis. However, the cost of helium is increasingly expensive due to its limited supply. Hydrogen is as an alternative GC-MS carrier gas. The hydrogen generator produces ultrahigh purity hydrogen through the electrolysis of deionized-distill water without cost and usage limits; moreover, there were no safety concerns associated with high pressure cylinders. Hydrogen is not only renewable, abundant and economical, but it also offers important advantages in terms of reduced run-times and performance benefits over helium [27] . The screening of all TCM and dietary supplements proved to be necessary for the detection of pharmaceutical substances to protect consumers from adverse reactions and side effects before the products are made available on the market. The screening of illegal drug adulteration using hydrogen instead of helium as a carrier gas has been in use for routine analysis in our laboratory for 2 years now. Eight products adulterated with acetaminophen, ibuprofen, chlorzoxazone, sulfamethoxazole, tadalafil and sildenafil substances that are prohibited in TCM were detected as the result of 123 TCM and food supplements' screening. Satisfactory consistency between the hydrogen and helium spectra of illicit drugs in real sample analysis also demonstrates that hydrogen can be used effectively as a buffer gas in GC-MS. 
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